Cultural practices can deeply influence genetic diversity patterns. The Neolithic transitions that took place at different times and locations around the world led to major cultural and demographic changes that influenced and therefore left their marks on human genetic diversity patterns. Several studies on the European Neolithic transition suggest that mitochondrial DNA (mtDNA) and Y-chromosome data can exhibit different patterns, which could be owing to different demographic histories for females and males. Archaeological and anthropological data suggest that the transition from hunter-gatherers (HGs) to farmers' societies is probably associated with changes in social organization, particularly in post-marital residence (PMR) rules (i.e. patrilocality, matrilocality or bilocality). The movements of humans and genes associated with these rules can be seen as sex-biased short-range migrations. We developed a new individual-based simulation approach to explore the genetic consequences of 45 different scenarios, where we varied the patterns of PMR and admixture between HGs and farmers. We recorded mtDNA and Y-chromosome data and analysed their diversity patterns within and between populations, through time and space. We also collected published mtDNA and Y-chromosome data from European and Near-Eastern populations in order to identify the scenarios that would best explain them. We show that: (i) different PMR systems can lead to different patterns of genetic diversity and differentiation, (ii) asymmetries between mtDNA and Y-chromosome can be owing to different behaviours between males and females, but also to different mutations rates, and (iii) patrilocality in farmers explains the present patterns of genetic diversity better than matrilocality or bilocality. Moreover, we found that (iv) the genetic diversity of farmers change depending on the HGs PMR rules even though they are assumed to disappear more than 5000 years ago in our simulations.
INTRODUCTION
The Neolithic transition was one of the greatest cultural transitions in human prehistory [1] [2] [3] . The demographic and cultural changes that it triggered unquestionably changed how human genes, cultures and languages are distributed around the world today [1, 4] . Although Europe is probably the most studied area, there are still major disagreements among archaeologists [1, [5] [6] [7] and among geneticists [8] [9] [10] [11] [12] on how the transition into farming-based societies happened in this region, and on how archaeological and genetic data should be interpreted [13] . As a first approximation, the Neolithic transition has mainly been modelled by considering one or the other of the following alternative scenarios: the Cultural Diffusion model (CDM) [14] and the Demic Diffusion model (DDM) [4, 15, 16] . The CDM proposes that agriculture and related technologies arrived in Europe without a significant movement of farmers. It predicts that there should be no or very little genetic contribution in Europe from the Near-Eastern populations. In the DDM, the spread of Neolithic innovations was a consequence of the movement of people that either eliminated or integrated the less densely populated hunter-gatherer (HG) societies [4] . A movement of genes is thus predicted, even though its genetic consequences are much more complex than is usually acknowledged [10, 17] . In the last 15 years, the CDM has gained momentum, mainly from the support of mitochondrial DNA (mtDNA) analyses [11, 12] , despite some criticisms which suggest that it actually supports the DDM [18] . Non-recombining region of the Y-chromosome (NRY) data were also interpreted in favour of the CDM by some authors [19] , but other studies have generated opposite conclusions [10, 20] . The results of both the mtDNA and NRY are thus controversial. However, if we assume that mtDNA and NRY data could indeed be interpreted in different ways, one favouring CDM and the other the DDM, respectively, this would open the possibility that the demographic histories of females and males were different [21, 22] . For instance, differences in migration patterns after marriage could lead to major differences in terms of genetic diversity within and between populations when comparing mtDNA and NRY data. This is why it is very important to analyse jointly these two markers, rather than independently, as is too often done to identify possible causes for the differences obtained beyond stochasticity [23] .
Archaeological and anthropological data suggest that the transition from a HG to a farming society is correlated with drastic changes in lifestyle [24] and probably also with changes in post-marital residence (PMR) systems. Moreover, the majority of today's human populations (ca 74%) are patrilocal (i.e. the woman moves to her husband's birthplace after marriage) [25, 26] , but HG societies appear to be more variable, with bilocality (both males and females can move after marriage, with no clear bias towards one of the sexes) and matrilocality (higher male migration rates) practices being more frequent than in other societies (i.e. farmers and pastoralists) [27] . This observation has led to the suggestion that patrilocality started to increase after the emergence of agriculture [24,27 -29] .
However, there has been no formal test assessing whether there was such a shift during the Neolithic transition in Europe, using genetic data. Our aim is to study the impact of different PMR systems on genetic diversity and to investigate if genetic data can give us any indication on whether such an increase in patrilocality indeed occurred after the Neolithic transition. Here, we use realistic spatial forward simulations of individuals and record their NRY and mtDNA data to explore a wide spectrum of scenarios where HG and farmer populations are allowed to be either patrilocal, bilocal or matrilocal. These post-marital rules are modelled by varying the male and female migration rates.
MATERIAL AND METHODS
(a) General framework To address questions related to the changes in PMR rules during the European Neolithic transition, we developed a new forward spatial simulation approach that incorporates both geographical and demographic data, as well as several types of genetic markers. The general principle is very similar to that followed by the SPLATCHE and SPLATCHE2 software [30, 31] . Like in those software, space is divided into 'layers', which are themselves subdivided into demes, as in a two-dimensional stepping-stone model (figure 1). Our framework allows to simulate different 'layers' (such as HG and farmers), inhabiting the same geographical space as in Currat & Excoffier [17] . Each deme can exchange migrants, at a certain rate (m), with up to four neighbours depending on its geographical location relative to the edges. Each deme is characterized by a carrying capacity (K ) and a friction (F) values which can be different between layers. Density is logistically regulated within each deme (either in the HG or farmer layers), with intrinsic K and growth rate (r). Mating between layers (HG and farmers) is modelled with an admixture parameter (g).
However, contrary to SPLATCHE2, our approach is not based on the coalescent. It uses a forward individualrather than backward/coalescent gene-based simulation framework, where the demographic and genetic simulations are carried simultaneously. While computationally slower, it also has several advantages. We can: (i) model complex situations that occur in human societies (e.g. sex-biased migration) more easily, (ii) follow multi-locus genotypes within individuals, and (iii) simulate all the individuals of a deme. This last point is particularly important in studying the Neolithic transition, as one of the assumptions of the coalescent is that the effective population size is large compared with the sample size. This is unlikely to have been the case in founder HG and farmer demes, particularly if there was high variance in reproductive success.
Our approach aims at simulating in a realistic manner the movement of individuals, rather than that of genes leading to several other differences: (i) foundation events must involve at least one male and one female; (ii) the MaynardSmith & Slatkin [32] logistic growth formula (2.1) is used and corrected to account for the fact that growth is limited by the number of reproductive females,
where N ft is the number of females at generation t; (iii) growth is not deterministic, as the number of individuals in generation t þ 1 is drawn from a Poisson distribution, with mean N tþ1 ; (iv) the number of migrants in the different directions is also stochastically drawn from binomial distributions; and (v) sex-biased migration can be simulated using a sex ratio migration parameter given by mSR ¼ m f /(m f þ m m ), where m f and m m are the female and male migration rates, respectively. Details related to K, F and admixture parameters, the growth formula, migration (including mSR parameter) and algorithm are in the electronic supplementary material, appendices A.1-A.5.
(b) Neolithic transition model
To study the properties of spatial expansions during the Neolithic transition, we simulated NRY and mtDNA data assuming a regular lattice. We assumed that: (i) there were two different layers, each corresponding to the HG and farmer layers; (ii) the first wave of expansion by HG started 40 kyr ago (1600 generations ago, assuming a generation time of 25 years [17] ), corresponding to T ¼ 0); and (iii) the second wave started 10 kyr ago (T ¼ 1200 generations) to represent the spread of the farmers [17] .
Owing to the computational cost of the simulations, our scenarios (see below) were tested with regular lattices of 100 demes (i.e. 10 by 10) per layer. The most likely scenarios were then also tested in 30 Â 30 lattices (900 demes per layer). For all simulations, both the HG and farmer expansions started at the bottom-right corner deme (figure 1). Also, we decided to model the HG extinction by increasing the friction to 1 and reducing K in the HG layer at a time related to the size of the lattice used in the simulations (see the electronic supplementary material, appendix A.6 for details).
(c) Variable parameters: sex-biased migration and admixture We were interested in determining the genetic consequences of sex-related migration patterns, in both HG and farmer societies. All combinations of bilocal, patrilocal or matrilocal societies were simulated corresponding to a total of nine scenarios (see the electronic supplementary material, table S1), using the mSR parameter. As in Currat & Excoffier [17] , we assumed unidirectional admixture, from the HG to the farmer layer, in agreement with anthropological data suggesting that asymmetrical gene flow occurs when a dominant group invades a new region, as is supposed to have happened during the Bantu expansion [33] or in the colonization of Brazil by Europeans [34] . Five values of g (0, 0.25, 0.5, 0.75 and 1) were used for each of the nine scenarios above, for a total of 45 different simulation sets carried out in the 10Â10 lattices. For each set, 500 independent replicates were run. The results of the above simulations strongly suggested that the most probable scenarios were those with farmers patrilocality. We repeated these scenarios using a 30Â30 lattice (i.e. on a wider geographical region), using four values for g (0, 0.25, 0.5 and 0.75), to determine whether significantly different results would be observed with a larger lattice corresponding to a larger area. No major differences were observed in the genetic diversity within demes, in agreement with Hamilton et al. [35] , who also compared lattices with different sizes in their spatial simulations (30Â30 and 50Â50).
To reduce the number of simulations required, we fixed the values of K, r and m to those from Currat & Excoffier [17] , who calibrated and tested them to simulate the effect of the Neolithic expansion in Europe. For more details, see the electronic supplementary material, appendix A.7 for these and other fixed parameters used in the simulations.
(d) Summary statistics
We computed the mean expected heterozygosity (H e ) and mean F ST [36] for NRY and mtDNA simulated data, across generations and only for demes along the diagonal. In the 10Â10 lattices, we sampled the 10 diagonal demes from the starting deme (deme 9_9) (upper-left corner) to the last colonized, deme 0_0 (figure 1). In the pairwise F ST analyses, we compared all the demes in the diagonal against the starting deme. This allowed us to study the trajectory of these statistics through time and space (in the expansion axis), for the two types of markers jointly and compare it with real data (see the electronic supplementary material, appendix A.8).
RESULTS
As expected, our simulations show that both H e and F ST values differ for Y-linked and mtDNA markers when migration patterns differ in males and females. However, our results also demonstrate complex patterns that would have been difficult to predict without simulations. We will concentrate on the patterns observed for the farmers, since they correspond to the modern populations.
(a) General results across all scenarios Looking at all samples obtained in a particular generation, we found that as time goes from generation 1300 -1600, the set of H e values becomes more concentrated in one region (figure 2a -c; see also the electronic supplementary material, figure S1 ). In other words, we found fewer differences on levels of genetic diversity across modern populations (generation 1600) compared with ancient populations (generation 1300).
At the genetic differentiation level, the F ST values against the starting deme (9_9) increase with distance from it, as expected. This increase can be significantly greater for the NRY compared with mtDNA data (as in figure 2f ), or the opposite (as in figure 2e) depending on the scenarios (see below), but the F ST values increase with distance from the starting deme. As generations go, F ST values between the starting and last deme decrease with time (figures 2d -f ), in agreement with the fact that H e values are increasingly similar among samples. Thus, in these simulations, modern populations are genetically less differentiated than ancient ones.
(b) No admixture scenarios In the scenarios without admixture (figure 2), the H e values decrease along the axis of the expansion, with the highest values being observed in the starting deme (9_9) and the lowest in the last colonized deme (0_0). This is observed for all generations sampled. Moreover, these points typically move, as a group and across generations, from higher to lower NRY diversity and from lower to higher mtDNA diversity. In other words, present-day populations have more mtDNA diversity and slightly less NRY diversity than ancient populations, whichever the PMR pattern. Note that this is true when the set of samples from the diagonal are analysed as a group but not necessarily for each sample individually, owing to the fact that the points are also more compact, as we noted above. For instance, the starting deme loses NRY diversity (figure 2), whereas the last colonized deme actually sees its NRY diversity increase. Another very striking result was that the three scenarios (bi-, matri-and patrilocality) exhibit clearly differentiated patterns (figure 2). This can be seen in the way the points are arranged in 'parallel lines' through time.
In bilocality scenarios, we predicted similar mtDNA and NRY data. In fact, the points are arranged in a direction parallel to the solid line corresponding to equal values for the x-and y-axes (i.e. for mtDNA and NRY data). Interestingly, we observed that the bilocality H e values were higher for mtDNA than for NRY data (figure 2a), whereas F ST values were quite similar (figure 2d ). The difference in H e values is probably owing to differences in the mutation rates, higher in mtDNA (see the electronic supplementary material, appendix B). Indeed, when we repeated these simulations Sex-biased migration in the Neolithic R. Rasteiro et al. 2411 by assuming the same mutation rate for the two markers, we found symmetrical results (not shown).
In the matrilocal scenarios, all demes had similar NRY H e , hence generating values forming 'lines' parallel to the y-axis (figure 2b). As expected, the mtDNA F ST values were higher than the NRY F ST values (figure 2e), that were themselves very similar between demes (i.e. the gene flow between demes was high), generating 'lines' near-parallel to the y-axis. On the contrary, in scenarios with farmer patrilocality (and still no admixture), a similar behaviour is seen but inverted for the two markers (i.e. higher NRY F ST ), and with almost no variation along the y-axis (figure 2f ). Similarly, the H e values also show this behaviour (figure 2c). A particularly interesting result was that this trend was parallel to the regression obtained from the real data from modern populations (dashed line in figure 2 ). This was true for both F ST and H e values and was not observed in the other scenarios (matrilocality and bilocality).
(c) Influence of hunter-gatherer post-marital behaviour on the farmers genetic diversity (H e ) In the scenarios with admixture between HG and farmers, some significant changes are found on the level of genetic diversity (figure 3; see also the electronic supplementary material, figures S1 and S2). First, compared with the no admixture scenarios, the sets of points are shifted towards lower NRY diversity when g increases, whereas mtDNA diversity does not change very much or shows a slight increase. Thus, in our simulations, admixture leads to a decrease in NRY diversity in all cases compared with the no admixture scenarios. Second, scenarios with patrilocality in HG populations generated fewer changes relative to the no admixture scenarios in NRY diversity compared with bilocality and matrilocality. This is true whether the farmers were patrilocal, matrilocal or bilocal and can be seen in figure 3 where the points with a P (HG patrilocality) are closer to the points of the no admixture scenarios ( figure  3a,d,g ) compared with the points with a B (HG bilocality) and even more with an M (HG matrilocality). In other words, in situations where HG could mate with farmers, the post-marital behaviour of HG populations clearly leads to differences in the distribution of farmers genetic diversity, in modern populations that have the same PMR system. Third, when farmers are patrilocal, a higher admixture rate (figure 3i) would tend to blur this effect and make the H e pattern almost indistinguishable, whichever post-marital behaviour the HG may have had. However, the simulations that seem to better fit the trend of the observed data are the ones from patrilocality in farmers, whatever the HG's postmarital behaviour is and whatever the admixture rate is. figure S3 ). In particular, the analyses of only the last generation data show that the F ST values were nearly identical across all HG scenarios with and without admixture. Conversely, in the generations that follow the admixture events, there were clear differences between the no admixture and admixture scenarios (electronic supplementary material, figure S4 ). However, in the scenarios analysed using a larger lattice (30Â30, i.e. a larger geographical area) it was possible to separate the PMR system of the HG, on the basis of modern F ST values (electronic supplementary material, figure S5 ).
DISCUSSION
Altogether, our simulations allowed us to study the effect of (i) variable migration rates in males and females within the HG and farmers layers and (ii) variable admixture between layers, on the patterns of genetic diversity and differentiation in present-day and ancient populations.
(a) Main results: (i ) farmers were patrilocal and (ii ) different PMR systems have a different impact on human genetic patterns Patrilocality was the most probable scenario among farmers. It was particularly obvious in the no admixture scenarios, but it was also found in the scenarios with admixture, even though not so obvious in some scenarios.
This result agrees with ancient DNA (aDNA) and strontium isotope analyses that suggested patrilocality in Linear [37] and Corded [38] Ware Culture burials from Germany. Cultural phylogenetics studies also suggest that patrilocality started to increase after the advent of agriculture [29, 39] .
Changes in PMR systems were also found to lead to different genetic patterns in present-day populations. In particular, the farmers' H e values changed significantly depending on whether the HGs were patrilocal, bilocal or matrilocal. Thus, it appears that even though HG populations disappear as far back as 5000 years before the present in our simulations, they influence present-day patterns in modern-day populations.
(b) Behaviour of summary statistics Pairwise F ST statistics were much less influenced than H e by the PMR pattern of the HG populations. While F ST values were different across scenarios after the start of admixture, this signal disappeared in the modern samples. However, when a larger lattice (30Â30) is analysed (corresponding to a larger geographical area), it was possible to distinguish between the HG populations PMR systems. This is compatible with the notion that the degree of genetic differentiation between two demes depends on their geographical distance, on the migration rate between local demes and on the time since the Genetic diversity in present-day farmers, under admixture. H e values that were computed for the demes located in the diagonal of the 10Â10 lattice, between the starting deme (9_9) and the last to be colonized (0_0) represented by 9 and 0, respectively. To make the panels easier to read a line was drawn going through all demes between these two points, but the other demes identifications are not represented. Each column corresponds to one value of the admixture parameter g (0, 0.5 and 1) and each row corresponds to one PMR system for the farmers layer (bilocality, matrilocality and patrilocality). Within each panel, the three possible scenarios for PMR system of the HG are represented. Each colour and letter represents a different residence pattern in the HG layer (colours light grey, grey and black and letters B, M and P correspond to scenarios, where HGs are bilocal, matrilocal and patrilocal, respectively). Each point is the mean of 500 independent simulations. Cases where NRY and mtDNA have the same H e values would fall on the solid line. The dashed line is the regression obtained for the real observed data.
Sex-biased migration in the Neolithic R. Rasteiro et al. 2413 populations started expanding. If migration rates are large and/or enough time has passed, then it may be necessary to use large lattices to avoid this homogenizing effect in F ST values. This F ST statistics' dependence on geographical distances implies that inferences based on local/ regional sampling is valid only for the most recent history, while sampling from more distant places may be able to recover older patterns, a point that has been stressed by Wilkins & Marlowe [24] . Furthermore, the access to the genetic composition of ancient HG populations may be not only useful, but necessary to provide us with significant information on this issue. In other words, aDNA may be required to allow us to determine the post-marital behaviour of European HG populations, before and after the Neolithic transition. Currently, the number of Neolithic transition aDNA studies are slowly increasing [38,40 -43] but are unfortunately limited to mtDNA. Our results suggest that obtaining NRY DNA from the same samples would be particularly important, as was done in a recent study [44] .
To identify the most probable scenario, we focused on the trend observed in the statistics of both simulated and real data. Our approach was thus to some extent qualitative. To obtain a better fit, one would also need to consider the spread of populations in both the simulated and real data (not just the regression slope). In theory, simulating different scenarios should allow us to better tune migration rates, and identify the original level of diversity in both HG and farmers populations, that are compatible with the observed modern-day data.
(c) Mutation rates can generate asymmetries between NRY and mtDNA data Although mtDNA and NRY data are often presented as symmetrical counterparts of the female and male demography, respectively, it is not necessarily that simple. The difference in mutation rates can generate an asymmetry between mtDNA and NRY H e values in bilocal scenarios with no sex-related variance in reproductive success (figures 2a and 3a) . This is something to keep in mind when analysing differences observed in real mtDNA and NRY data because such differences are often interpreted deterministically in terms of differences in male and female behaviours [28, 45, 46] .
(d) Admixture decreases farmers NRY genetic diversity We found this surprising at first, as it is usually assumed that regions where populations admix will exhibit higher levels of genetic diversity. However, the underlying assumption is that admixing populations have similar N e . Several studies have shown that during spatial expansions the expanding population is diluted [10, 47, 48] . We thus believe that as admixture took place between populations with different sizes (i.e. HG having much smaller populations than the farmers), the incoming population will 'dilute' the farmers genetic diversity and lead to the decrease in genetic diversity. The decrease is observed even when both HG and farmers had the same pattern of PMR rules. However, this is not necessarily a general result as mtDNA genetic diversity did not always decrease. Again, the difference in mutation rates between mtDNA and NRY markers may interact in a complex way with demographic parameters leading to asymmetries in present-day data.
(e) Comparison with other sex-biased migration studies Until now, the inference of patterns of sex-biased migration have relied mainly on the comparison and estimation of dispersal from pairwise NRY and mtDNA F ST values [45, 46] , and by cultural phylogenetics [29, 39] in modern populations.
Hamilton et al. [35] also used a spatial framework, using NRY and mtDNA data, to study matrilocal and patrilocal groups from northern Thailand. In their study, the authors applied a modified version of SPLATCHE and were not interested in detecting shifts in PMR patterns, which were assumed to be invariant in their simulations. Instead, their aim was to compare male and female migration rates in known patrilocal and matrilocal societies that would explain present-day levels of genetic differentiation and diversity. Here, our aim was to understand how PMR (with or without shifts) interacts with admixture between different societies, to generate differences in maternally or paternally inherited markers analysed jointly.
Model-based approaches have many advantages as they allow us to identify parameters that have a significant impact on the data. However, they also rely on strong assumptions. In our study, it was necessary to make assumptions on the level and patterns of gene flow, carrying capacities and genetic make-up of the founder populations, which suggests that some of the conclusions presented here should not be taken at face value. Hence, we believe that the general trends identified are to some extent robust. For instance, our simulations were performed on a 10Â10 lattice. But when we repeated the patrilocal scenarios on a 30Â30 lattice, we found essentially the same results, the main difference being that the power to identify scenarios was increased in the 30Â30 lattice.
The simulated framework introduced here owes much to the work of Currat et al. [17] , but is sufficiently different to represent an interesting alternative to identify the critical assumptions that are robust and those that are not, and the type of data required to separate scenarios. Altogether, our simulations helped identify important parameters and scenarios, together with data that would be needed to study the Neolithic transition in Europe (NRY aDNA), but much work is still necessary.
There are still very few studies that have dealt with the kind of complex scenarios that involve the characterization of the expansion of two demographically different populations across the same geographical area when migration patterns and admixture levels vary, and those that exist do not deal with sex-biased migration [17, 49] . Our work provides some of the first insights into the consequences of complex demographic changes that probably took place during the European Neolithic, on present-day human genetic patterns.
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